Energy levels, radiative rates and lifetimes are reported for 19 F-like ions with 55 ≤ Z ≤ 73, among 113 levels of the 2s 2 2p 5 , 2s2p 6 , 2s 2 2p 4 3ℓ, 2s2p 5 3ℓ, and 2p 6 3ℓ configurations. The general-purpose relativistic atomic structure package (grasp) has been adopted for the calculations, and radiative rates (and other associated parameters, such as oscillator strengths and line strengths) are listed for all E1, E2, M1, and M2 transitions of the ions. Comparisons are made with earlier available theoretical and experimental energies, especially for Ba XLVIII. Nevertheless, calculations have also been performed with the flexible atomic code (fac), and with a much larger configuration interaction with up to 38 089 levels, for further accuracy assessments, particularly for energy levels.
Introduction
F-like ions have been of interest for the modelling of fusion plasmas for a long time [1] , and with the developing ITER project their importance has further increased. The first extensive study for these ions was done by Sampson et al. [2] , who performed calculations for a wide range of F-like ions with 22 ≤ Z ≤ 92 by using their Dirac-Fock-Slater (DFS) code. However, for brevity they reported only limited results (and for only a few ions) for energy levels, oscillator strengths (f-values) and collision strengths (Ω). Unfortunately, most of their data have now been lost. Nevertheless, a few workers after them have performed calculations for a variety of atomic parameters, for a section of these ions. For example, in our earlier study [3] , we reported energy levels, radiative rates (A-values), oscillator strengths (f-values), line strengths (S-values), and lifetimes (τ ) for 17 F-like ions with 37 ≤ Z ≤ 53. Similar data for Z = 36 (Kr XXVIII [4] ), 54 (Xe XLVI [5] ) and 74 (W LXVI [6] [7] [8] ) have also been reported. In this paper we list our results for further 19 ions with 55 ≤ Z ≤ 73.
The prior results for these ions, theoretical or experimental, are (mostly) limited to Ba XLVIII alone. Hutton et al. [9] have measured spectra for F-like, O-like and N-like barium ions through the electron beam ion trap (EBIT) machine, and their energy levels have been recommended by the NIST (National Institute of Standards and Technology) team [10] , and are available at the website http://www.nist.gov/pml/data/asd.cfm. Similarly, in a laser produced plasma Feldman et al. [11] measured wavelengths for two lines among the lowest three levels of a few F-like ions, and their extrapolated results for Ba XLVIII are also included in the NIST database. Theoretically, as stated earlier Sampson et al. [2] performed calculations for a wide range of F-like ions, but did not specifically report energy levels, and data for other parameters was also limited to a few levels/transitions. Using a combined configuration interaction (CI) and many-body perturbation theory (MBPT) approach, Gu [12] calculated energies for the lowest three levels of F-like ions with Z ≤ 60. For the same three levels, later on Jönsson et al. [13] reported energies and A-values for a wider range of ions with 14 ≤ Z ≤ 74, for which they adopted the general-purpose relativistic atomic structure package (grasp) code [14] , and included very large CI for the calculations. Using the original version of the same code (GRASP0 [15] ), but extensively modified by (one of the authors) P. H. Norrington, Khatri et al. [16] With the easy and free availability of the atomic structure codes and comparatively cheaper access to computational resources, it has become much easier to generate atomic data for various parameters. Unfortunately, producing reliable data with (some measure of) accuracy is still not straightforward because many checks are required before having confidence in the reported data. For energy levels, one may assess the accuracy by: (i) comparing results with two different independent codes, (ii) confirming convergence of results by increasing CI, (iii) comparing results with earlier available theoretical data, and (iv) making comparisons with measurements. In spite of such checks and balances, large discrepancies are often observed for (almost) all atomic parameters, as recently highlighted and explained in our paper [17] . For example, Goyal et al. [18] reported energies for 113 levels of the 2s 2 2p 5 , 2s2p 6 , 2s 2 2p 4 3ℓ, 2s2p 5 3ℓ, and 2p 6 3ℓ
configurations of W LXVI, for which they adopted two different codes, namely GRASP and FAC, the flexible atomic code of Gu [19] . However, for the highest 20 levels the two sets of energies differed by up to ∼60 Ryd. Through our independent calculations [8] it turned out that their results with FAC are incorrect. Similarly, for some Ne-like ions differences in energies, between the GRASP and FAC results, for some levels are up to ∼2 Ryd -see tables 2-4 of [20] .
Since such a large difference between any two codes is generally neither noted nor expected, one of the two calculations is actually not correct, as explained in our paper [21] . Therefore, comparison of results with two different codes is only beneficial when both calculations have been performed with great care.
In most atomic structure calculations, inclusion of CI helps to improve the energy levels, and this is particularly true for ions with comparatively lower atomic numbers. However, there is always a limit up to which the calculations can be performed, and in many cases inclusion of CI beyond a (certain) level is of no real advantage. For F-like ions an extensive inclusion of CI is not very beneficial, as noted in our earlier work [3] , although Jönsson et al. [13] have performed very large calculations by including up to 73 000 and 15 000 CSFs (configuration state functions) for the 2s 2 2p 5 2 P o 1/2 and 2s2p 6 2 S 1/2 levels, as a result of which their energies closely match with the measurements. However, inclusion of such a large CI is not practical for a large number of levels (and ions), particularly when measurements are almost non existent.
Comparison of results with existing data are always useful and considerably help in improving the calculations -see for example the recent work of Guo et al. [22] on W XL and the references within the paper. However, the problem arises when no prior data exist as noted for some of the Cr-like ions [23] . Similarly, if measurements are available, even for a few levels, it considerably helps to improve the calculations, as was the case for some other Cr-like ions -see Table A of [24] . Unfortunately, for the current F-like ions of interest, theoretical data are (mostly) restricted to the lowest three levels, and the measurements for a few levels are available for only Ba XLVIII. Therefore, we will make most of the comparisons for this ion alone to make some assessment of the accuracy of our calculated data.
Energy levels
As in our earlier work [3] , we adopt the GRASP0 version which is hosted at the website http://amdpp.phys.strath.ac.uk/UK ) absolute energies are listed whereas for others are differences w.r.t. to the ground. Since there is a paucity of prior theoretical and experimental data for these ions, we have performed analogous calculations with FAC (https://www-amdis.iaea.org/FAC/), which is also a fully relativistic code and generally yields energy levels of comparable accuracy, but with much more efficiency. With this code three calculations have been performed which are: (i) FAC1, which includes 501 levels of the the same configurations as included with GRASP, (ii) FAC2, which includes 38 089 levels arising from all possible combinations of the (2*5) 3*2, 4*2, 5*2, 3*1 4*1, 3*1 5*1, and 4*1 5*1 configurations, plus those of FAC1, and (iii) FAC3, which includes a total of 72 259 levels, the additional ones arising from the (2*6) 6*1, 7*1, 8*1 and (2*5 3*1) 6*1, 7*1, and 8*1 configurations. Since our FAC1 energies are almost comparable with those with GRASP, in both magnitude and orderings, we list these only for Ba XLVIII in Table 2 . This result was expected because both calculations include the same CI. However, our FAC2 calculations include much more extensive CI and therefore are expected to be more accurate, we include these results for all ions. As was the case earlier for other F-like ions [3] , the FAC3 calculations offer no real advantage, because there are no appreciable differences with the FAC2 energies, for the lowest 113 levels under consideration. For this reason we do not discuss the FAC3 energies any further. Similarly, the results of Khatri et al. [16] are not included in Table 2 because there are no differences with our present calculations. This is mainly because both calculations adopt the same code and the addition of further 70 levels of the 2p 6 4ℓ and 2p 6 5ℓ (9) configurations in our calculations has an insignificant effect on the 113 levels considered in this work.
As already stated, the contributions of Breit and QED effects are very important and significant for the determination of energy levels for these heavy ions. However, the maximum effect is on the ground levels and therefore, in Table A along with the Coulomb energies we list contributions of Breit and QED corrections for all ions. Although the combined effect of these corrections on total energies is less than 0.2%, in absolute terms these are very significant. For example, for Cs XLVII their respective contributions amount to 9.1+7.6 = 16.7 Ryd, but increase by a factor of 2.5 to 22.7+20.0 = 42.7 Ryd for Ta LXV. In comparison, the maximum combined contribution to other levels is ∼4 Ryd, i.e. less than 10%. Similarly, differences between the absolute energies obtained for the ground level with GRASP and FAC increase with increasing Z, as it is only ∼1 Ryd for Cs XLVII but ∼6 Ryd for Ta LXV, and energies with the former are always the lowest. However, comparative differences between energies from both calculations remain within ∼ 0.5 Ryd, for all excited levels and ions, as seen in Tables 1-19 .
Before we discuss our results in detail, we would like to emphasize on two points. Firstly, the level designations provided in Tables 1-19 may not be unambiguous. This is because some of the levels are highly mixed, and for a few mixing coefficient from a particular level/configuration may dominate in more than one levels. This is a general atomic structure problem, irrespective of the code adopted. Although this has been discussed several times in some of our earlier papers (as well as by other workers), in In Table C we compare our theoretical energies with GRASP and FAC codes, obtained with 501 and 38 089 levels, respectively, with the measurements of Hutton et al. [9] for the common levels of Ba XLVIII, which have been recommended by the NIST team. There are no large discrepancies for these levels, although differences are up to ∼0.4 Ryd for a few, such as 2s2p (11) , and 2s
Furthermore, these differences are not systematic as for level 3 theoretical results are higher, but lower for others. In general, GRASP and FAC energies agree within 0.1 Ryd, the latter being mostly lower, and hence the agreement of NIST is slightly better with those with GRASP. We will also like to note here that the energy for the level 3 (2s2p
is not based on direct measurement, although Jönsson et al. [13] have been able to reproduce it with extensive CI, as discussed below.
In Table D we compare our energies calculated with the GRASP and FAC codes with those of Jönsson et al. [13] for the two (common) levels 2s energies for a larger number of levels -see Tables 1-19 . However, we emphasize again that differences between the two calculations are not systematic, as for some the GRASP energies are higher whereas the reverse is true for the FACsee for example, levels 64 and 80 of Ba XLVIII in Table 2 . Therefore, inclusion of larger CI does not necessarily produce lower energies for all levels.
Radiative rates
Our calculated results with the grasp code are listed in Tables 20-38 for [4] . Finally, the indices used to represent the lower and upper levels of a transition are defined in Tables 1-19 . Furthermore, for brevity only transitions from the lowest 3 to higher excited levels are listed in Tables 20-38 , but full tables in the ASCII format are available online in the electronic version.
The only results for A-values available for the comparison purpose are those of Khatri et al. [16] for transitions from the lowest three to higher excited levels of Ba XLVIII. With them we have no differences for the same reason as for the energy levels. However, Jönsson et al. [13] have reported A-values for four transitions, namely 1-3 E1, 2-3 E1, 1-2 M1, and 1-2 E2, but for all F-like ions of interest. Therefore, in Table E we make comparison between our and their results.
It is highly satisfactory to note that there is no discrepancy for any transition and/or ion, and all results agree to better than 5%. This is in spite of some differences in energies, particularly for the 2s2p 6 2 S 1/2 level, as seen earlier in Table D .
This confirms (yet again) that small differences in transition energies do not lead to any appreciable differences in the subsequent results for A-values. In conclusion, based on our experience and comparisons made earlier for other F-like ions [3] , our assessment of accuracy for the f-(and A-) values for a majority of strong transitions is ∼20%, for all ions. 
Lifetimes
The lifetime τ of a level j is related to the A-values as 1.0/Σ i A ji . As stated earlier, E1 transitions are (normally) the most dominant, and hence important in the determination of τ . However, summation over all types of transitions, i.e.
E1, E2, M1, and M2, improves the accuracy and is particularly important for those levels for which there are no (strong) E1 connections. Although τ is a measurable quantity, no experiments have yet been performed for transitions/levels of F-like ions of present interest. Therefore, no hard assessments of accuracy can be made. Unfortunately, the situation is no better with the theory. However, Khatri et al. [16] have listed τ for the levels of Ba XLVIII for which we have no differences, except for level 3, i.e. 2s2p 6 2 S 1/2 . For this level their listed τ is 1.43×10 −13 s, whereas our result is 4.11×10 −13 s, larger by a factor of three. Their result for this level is incorrect, because the dominant contributing transition for this is 1-3 E1 for which their A-value is 2.34×10 12 s −1 , which leads to τ = 4.27×10 −13 s, closer to our calculation. A similar discrepancy was noted [25] in their results for the 2s 2 2p Tables 1-19 . Since these results are directly related to the A-values, our assessment of accuracy for these is also the same, i.e. ∼20%.
Conclusions
In this paper, energies for 113 levels of the 2s 2 2p 5 , 2s2p 6 , 2s 2 2p 4 3ℓ, 2s2p 5 3ℓ, and 2p 6 3ℓ configurations of 19 F-like ions with 55 ≤ Z ≤ 73 are reported. Combined with our earlier results [3] [4] [5] , this presents a complete data for ions with Z ≤ 74. Similarly as earlier, we have adopted the grasp code for the calculations. Since no existing data are available for most of the levels and ions with which to make comparisons, we have made additional calculations with the fac code, but with much more extensive CI. This helps in assessing the accuracy of the energy levels. Based on several calculations with both codes, as well as comparisons with available limited theoretical and experimental data, our energy levels are assessed to be accurate to better than 0.5% (0.5 Ryd), for all ions. However, for a few levels of each ion there is some ambiguity in their designations. This is because of very strong mixing with one eigenvector of a CSF often dominating in magnitude for several levels. For this reason, mixing coefficients are listed for the levels of Cs XLVII, as an example.
However, similar results for other ions can be obtained from the author on request.
Radiative rates for four types of transitions, i.e. E1, E2, M1, and M2, are also reported among the above listed 113 levels. These data are significantly more extensive than currently available in the literature. Index: see Table 2 NIST: http://www.nist.gov/pml/data/asd.cfm, energies for the lowest 3 levels are extrapolated results from Feldman et al. [11] whereas for the remaining levels are from measurements of Hutton et al. [9] GRASP: present calculations with the grasp code for 501 levels FAC: present calculations with the fac code for 38 089 levels Lifetime of the level in s with the GRASP code Table 11 . Energies (Ryd) for 113 levels of Tb LVII and their lifetimes (τ , s). For the ground level the energy is absolute whereas for others are comparative. Lifetime of the level in s with the GRASP code Table 13 . Energies (Ryd) for 113 levels of Ho LIX and their lifetimes (τ , s). For the ground level the energy is absolute whereas for others are comparative.
Index Level Index Configuration
The configuration to which the level belongs Level The LSJ designation of the level GRASP Present energies from the grasp code with 38 configurations and 501 level calculations FAC Present energies from the fac code with 38 089 level calculations τ (s)
Lifetime of the level in s with the GRASP code Table 14 . Energies (Ryd) for 113 levels of Er LX and their lifetimes (τ , s). For the ground level the energy is absolute whereas for others are comparative.
Lifetime of the level in s with the GRASP code Table 15 . Energies (Ryd) for 113 levels of Tm LXI and their lifetimes (τ , s). For the ground level the energy is absolute whereas for others are comparative.
Lifetime of the level in s with the GRASP code Table 16 . Energies (Ryd) for 113 levels of Yb LXII and their lifetimes (τ , s). For the ground level the energy is absolute whereas for others are comparative.
Lifetime of the level in s with the GRASP code Table 17 . Energies (Ryd) for 113 levels of Lu LXIII and their lifetimes (τ , s). For the ground level the energy is absolute whereas for others are comparative. Lifetime of the level in s with the GRASP code Table 20 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Cs XLVII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
i and j
The lower (i) and upper (j) levels of a transition as defined in Table 1 . Table 21 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Ba XLVIII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 2 . Ratio of velocity and length forms of A-(or f-and S-) values for the E1 transitions a±b ≡ a × 10 ±b Table 22 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of La XLIX. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 3 . Table 23 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Ce L. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 4 . Table 24 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Pr LI. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 5 . Table 25 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Nd LII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 6 . Table 26 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Pm LIII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 7 . Table 27 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Sm LIV. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 8 . Table 28 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Eu LV. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 9 . Table 29 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Gd LVI. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 10 . Table 30 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Tb LVII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 11 . Table 31 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Dy LVIII. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 12 . Table 32 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Ho LIX. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 13 . Table 33 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Er LX. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
The lower (i) and upper (j) levels of a transition as defined in Table 14 . Table 37 . Transition wavelengths (λ ij inÅ), radiative rates (A ji in s −1 ), oscillator strengths (f ij , dimensionless), and line strengths (S, in atomic units) for electric dipole (E1), and A ji for electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2) transitions of Hf LXIV. The ratio R(E1) of velocity and length forms of A-values for E1 transitions is listed in the last column.
